Introduction
Barrier islands are typically characterized by underlying freshwater reservoirs. They develop as precipitation continuously infiltrates into the often highly permeable sediments while displacing the saltwater. Due to density-differences, dispersion and molecular diffusion a freshwater reservoir develops until it reaches hydrodynamic equilibrium with the underlying saltwater (Beukeboom, 1976) . The transition zone, the so-called freshwater-saltwater interface, normally is not a sharp interface but a mixing zone of up to several tens of meter thickness (Stuyfzand, 1993) .
Freshwater lenses commonly provide drinking water for the public water supply on barrier islands. Moreover, public water supply and island ecosystems strongly depend on a balanced hydrological system. Freshwater lenses are among the most vulnerable aquifer systems in the world due to frequent natural and ever-present anthropogenic threats as mentioned by White and Falkland (2009) . An island's freshwater reservoir is controlled by both natural and anthropogenic factors. Natural factors are the island's stratigraphy, elevation and vegetation patterns (Schneider and Kruse, 2005) , pine plantations, precipitation and recharge, discharge at the edges of the island and losses by evapotranspiration, the storage capacity as well as mixing with underlying saltwater (White and Falkland, 2009) . Anthropogenic factors are mainly abstraction of groundwater, pollution, land reclamation and beach nourishment (White and Falkland, 2009) . Rising demands for freshwater and climate change increases the stress on the water resources and ecosystems (Post, 2005) . Impacts on ecological systems, e.g. due to sea-level rise or the increase of storm surges, will be most evident on exposed regions like barrier islands. One highly protected ecological system, including several islands, is the Wadden Sea at the Northern German coast, which has been declared a World Heritage Site in 2009. It represents the largest intact system of tidal sand and mud flats and barrier island depositional systems in the world and is a remarkable feature of the recent Holocene development of a sandy coast in terms of rising sea level (CWSS and WHNPG, 2008) . Flemming (2002) predicts intense morphodynamic adjustments for the southern North Sea in case of an accelerating sea-level rise which would also have an influence on the hydrological system. In fact, sea-level rise with related hydroisostatic subsidence of the North Sea basin and an increase of storm surges are predicted for the future (IPCC, 2007) . Hence, detailed knowledge about the recent development and ongoing processes concerning freshwater lenses, e.g. saltwater intrusion or expected shrinkage of freshwater lenses (Post, 2005) are of major importance in order to assess possible future changes and in order to be able to take measures on time.
Detailed studies on the hydrogeology and hydrochemistry of barrier islands were carried out by Beukeboom (1976) , Grootjans et al. (1996) and Sival et al. (1997) for the Frisian Islands Schiermonnikoog, Vlieland, Terschelling and Ameland. The East Frisian Islands Langeoog and Norderney were studied in the focus of hydrochemical conditions and groundwater dynamics (Marggraf and Naumann, 2003; Marggraf, 2005) . Dune areas as freshwater reservoirs with regard to problems of salinization, freshening, decalcification, atmospheric pollution and artificial recharge have been studied intensely by Stuyfzand (1993) . Moreover, analytical solutions exist on the geometry of a freshwater lens (Vacher, 1988; Van der Veer, 1977; Fetter, 1972) as well as travel times within the lens (Vacher et al., 1990; Chesnaux and Allen, 2008. Still, not much is known about the groundwater ages, recharge rates and hydrogeochemical evolution of Spiekeroogs or similar barrier island freshwater reservoirs. This study combines age dating with 3 H- 3 He, stable isotope and major ion analysis of precipitation, surface water and groundwater in order to generate a compact overview of the hydrological system of a barrier island. The aims of the study were (i) to estimate travel times and recharge rates, (ii) to give an insight on the ground-and surface water origin and recharge conditions and finally, (iii) to generate a conceptual model on the hydrochemical evolution during recharge.
Study area

Geology and geomorphology
Spiekeroog is part of the Eastfrisian Island chain in front of the North German coastline (Fig. 1) . These barrier islands act as a protection from storm surges for the mainland. The island of Spiekeroog has a length of 9.8 km and a maximum width of 2 km which results in an approximate area of 21.3 km 2 . It lies in between the islands of Langeoog and Wangerooge. The islands are separated by the Otzumer inlet in the west and the Harle inlet in the east (Fig. 1) . Mean tidal high water reaches +1.20 m above mean sea level (masl) and the tidal range is about 2.80 m. Spiekeroog shows a characteristic trisection into a main dune arc, a salt-marsh at the Wadden Sea side and the eastern part ''Ostplate'' showing active formation of dunes (Sindowski, 1973) . The village is located in the western part, protected by the main dune arc which borders it to the north. The population counts approximately 700 people. 100,000 day tourists and 90,000 overnight tourists visit the island annually (Schade, 2011 pers. comm.) . About 0.5 km 2 of Spiekeroog are covered by forest.
The formation of the East Frisian barrier islands as they are now positioned, began in the early Boreal (Streif, 1990) . According to Barckhausen (1969) , this process can be attributed to the interaction of wind, swell and ocean currents. The islands developed from periodically flooded shelves to partly dry barrier beaches and finally to dry dune islands. Their morphological shape is caused by the prevailing westerly winds which supply most sediment. However, the southwestern part of Spiekeroog contains a core of Pleistocene sediments at 5-10 m depth (Streif, 2002 (Streif, , 1990 ).
The middle and eastern part of the island are underlain by a Pleistocene channel. Its origin is assumed to be a Saalian meltwater valley (Sindowski, 1970) . The Holocene North Sea ingression led to erosion and relocation of the sediments in the Harle-channel. Nowadays the channel is filled with Holocene sediments, consisting mainly of middle-to coarse-grained sand, rarely separated by embedded clay lenses. The Holocene base layer is located in 15-20 m below sea level (mbsl) (Sindowski, 1970) .
Below the Holocene basis Elsterian glacial sediments were found, mainly consisting of pale, fine-to middle-grained, glaciofluvial sands. Deposits of the Lauenburger Ton, a distinct common clay layer in Northern Germany, have only been proven in a small area in the northeastern part of Spiekeroog and below the tidal flats towards the mainland (Sindowski, 1970) . They are underlain by Pliocene sediments, which also consist predominantly of fine-to middle-grained sands. Between 44 and 55 mbsl a clay layer was encountered in several sediment cores (NLfB, 1985) . It is assumed to be continuous below the main dune area (OOWV, 2009). Tronicke et al. (1999) suggested the absence of this clay layer southeast of the main dune arc from geophysical measurements.
During its formation, the island shifted about 1.2 km over its own tidal flat from West to East. From 1650 to 1960 an increase in length of 4.6 km and in width of 0.6 km was monitored. This was predominantly caused by the aggradation of sediment in the eastern Harle inlet (Eitner, 1996; Fitzgerald et al., 1984; Sindowski, 1973) . To protect the island's west against storms and strong hydrodynamics at the Otzumer inlet, coastal protection activities were initiated in the mid-18th century and continue until today (NLWKN, 2010) . This allowed for the dunes to develop further. Older dunes from the mid-16th century are only preserved in the western part of the island (Sindowski, 1970) . They form the inner island core, which is surrounded by younger chains of dunes to the North and East (Fig. 1) . The youngest, primary dunes adjoin the beach. In the main dune area ground levels reach 25 m above sea level (masl). Recent dunes on the eastern part are still in a stage of development, comparable to the younger dunes on the western part of the island.
Hydrogeology
Due to the geological structure of the island, two different aquifers and one aquitard can be distinguished. Fine-to coarse-grained Holocene sands, which contain embedded clay lenses, with underlying Pleistocene sand deposits and below finer-grained Pliocene sediments together form an aquifer. At a depth of 44-55 mbsl the sands are underlain by the more or less continuous clay layer, which acts as an aquitard. Underlying Pliocene fine-to middlegrained sands form the second aquifer. The intercalated clay layer divides fresh groundwater from underlying saline groundwater.
Annual precipitation on Spiekeroog from 1988 to 2006 averages 749 mm (OOWV, 2009 ). The highest amounts are observed in July and September. Since most of the rainwater rapidly drains into the sediment, hardly any surface runoff exists. Evapotranspiration, measured by a lysimeter (Friedrich-Franzen system), amounts to 113 mm/a (OOWV, 2009). Most of the groundwater recharge takes place in the dune areas. Groundwater recharge rates have been estimated on the basis of lysimeter data, the GROWA06v2 model and the area-based analysis of Dörhöfer and Josopait (OOWV, 2009) . The lysimeter data accounts for an annual recharge of 636 mm. In contrast, the results from the Growa06v2 model, a large-scale model for Lower Saxony, show a groundwater recharge of 200-300 mm/a for the main dune arc (NIBIS Kartenserver, 2011) , and is consistent with a groundwater recharge of 220 mm calculated by Beukeboom (1976) . Calculations by Dörhöfer and Josopait (OOWV, 2009) propose a groundwater recharge of 451-500 mm/a, based on the German Soil Map for 50% of the catchment area of the production wells, while 30% receive 401-450 mm/a and 20% 301-350 mm/a. These estimates coincide with former investigations (NLfB, 1985) . Mean groundwater abstraction is 154,000 m 3 /a, with 30% of the volume being withdrawn during the peak tourist season in July and August (OOWV, 2009) .
The main freshwater lens of Spiekeroog Island is located below the main dune arc in the western part. Its dimensions were determined first by Sengpiel and Meiser (1981) and later by Tronicke (1997) who assumed the maximum thickness to reach 40 mbsl at the area below the largest dunes in the west (Fig. 2) . Groundwater level rises up to a maximum height of 2 masl (Tronicke et al., 1999) . The appropriate resulting maximum depth of the freshwater-saltwater interface of 80 m according to Herzberg (1901) is prohibited by the clay layer.
Materials and methods
Instrumentation, sampling and analyses
Six production wells and a waterworks facility ensure the selfsustaining water supply on Spiekeroog, with only two wells working simultaneously. Wells are pumped at rather low rates of 10 m 3 / h in order to prevent upconing of saline water. The waterworks facility and wells are located in the dune arc to the north of the village (Fig. 2) . They are surrounded by seven piezometer nests, each consisting of three individual wells screened in different depths. The screens of the production wells and shallow observation wells (A) are located between 6 mbsl and 19.5 mbsl, followed by the observation wells B, which are located at depths between 31.5 mbsl and 48 mbsl. The deepest screens are the observations wells C located between 52 mbsl and 76 mbsl. Except for observation well 25B (screen length = 10 m), all observation wells have a screen length of 2 m and all production wells a screen length of 5 m.
During two field campaigns in May and July 2011 samples were taken from production and observation wells as well as from several surface water locations (ponds, dikes and dune slacks) and two seawater locations (Fig. 2) . In addition, four rain water samples were collected by a bulk rain collector for the months July-October 2011, thus each sample representing a monthly average. To prevent evaporation, medicinal paraffin oil was placed in the rain collector. It floated over the water with a thickness of about 0.5 cm following the technical procedure for sampling provided by IAEA (2011) . Sampling in the field included measurements of electric conductivity (EC), redox-potential (Eh), pH, temperature and dissolved oxygen concentration using a Hach HQ 40d multi device. In order to avoid atmospheric contact of groundwater, a flow-through cell was used. Three filtered samples were taken for major ion and stable isotope analyses in 50 ml polyethylene bottles, using 0.45 lm membrane filters. Cation samples were preserved with nitric acid (65%) immediately after sampling. All samples were stored in a refrigerator box.
For analysing major cation concentrations, flame atomic absorption spectrometry (AAS) was used according to DIN EN ISO 10304-2. Major anion analyses were carried out by ion chromatography (883 ICplus) according to DIN 38406. Both sampling campaigns were combined to one data set by averaging the measured values and concentrations. Due to dry weather conditions it was not possible to sample all surface water sampling points twice. Samples with an ion charge balance error > 5% were discarded except for precipitation samples, which show larger errors due to their very low solute concentrations.
Samples for 3 H-3
He dating were collected in July 2011 from nine observation wells at different depths (Table 1) . Water for tritium ( 3 H) analysis was stored in polyethylene bottles. Water for helium ( 3 He) isotope analysis was flushed through a copper tube with a volume of 40 ml. To assure a void-free fill, a transparent tube was attached at the inlet of the copper tube and controlled while sampling. A necking at the outlet of the copper tube allowed regulation of the flow rate and thus an increase of pressure in order to avoid potential degassing. The copper tube was then pinched off at both sides for storage. Subsequent analysis of the samples was done at the Institute of Environmental Physics, University of Bremen. Analytical uncertainty is ±3% or ±0.025 TU. Details on the 3 H and He isotope analysis are given in Sültenfuß et al. (2009). for dD measurements, respectively. Details on the method are presented in Meyer et al. (2000) .
Age dating with 3 H-3 He
In the late 1950s and early 1960s radioactive hydrogen, tritium ( 3 H), was released into the atmosphere in large quantities by atmospheric thermonuclear tests (e.g. Solomon and Cook, 2000 and references therein).
3 H is incorporated into water molecules and precipitation leads to a deposition of tritium from the troposphere into surface water, groundwater and the biosphere. Tritium has a half-life of 12.32 years and decays to the light helium isotope 3 He. As soon as gas exchange of water with the atmosphere is inhibited, i.e. after infiltration, the decay product of tritium, tritiogenic 3 He, accumulates in the water. He age and is assumed to be similar to the groundwater age, which is the time difference between sampling and the last contact of the water with the atmosphere.
To apply this dating method, 3 He trit must be separated from other 3 He sources. One source is due to exchange of dissolved gases in the water with the atmosphere. This can be quantified by determination of the solubility equilibrium conditions (He equi ) and measuring additional dissolved air generated at infiltration conditions by the excess of Ne in water, because Ne has no sources in the subsurface. In principle a small 3 He from uranium and thorium decay series is released from the earth crust and can be used additionally as a qualitative time marker (Solomon and Cook, 2000) . The so called terrigenic He ratio, which is 1.384 Â 10 À6 . Primordial He from the mantle (He mantle ) could be released in volcanic active zones. Details on the determination of these parameters are given by e.g. Solomon and Cook (2000) and Kipfer et al. (2002) .
Stable Isotope conventions and corrections
The composition of oxygen and hydrogen isotopes are given in d-notation relative to V-SMOW (Vienna standard mean ocean water) expressed in permil as stated in:
where R sample and R Standard are the isotopic ratios of the sample and the standard. Due to preferential binding of either heavy or light water molecules in hydration spheres of ions and due to changes in bulk water structure as a consequence of the addition of salts, a socalled isotope salt effect can be observed in saline aqueous solutions (Horita et al., 1993) . This effect on the isotopic fractionation of oxygen and hydrogen was determined for the equilibration technique (Bourg et al., 2001 ) and revised for the AWI instrumentation on the basis of synthetic solutions of Na-Cl (Kohfahl et al., 2008) . The curve progresses nearly linear. The isotope salt effect of the samples was corrected as:
where c is the concentration in mol/l (Kohfahl et al., 2008) . This was taken into account for calculating the results of samples with electric conductivities exceeding 5 mS/cm (Table 1) . For samples with electric conductivities less than 5 mS/cm, corrections lie within the measurement error. Assuming that dynamics are relatively low and changes in concentrations of Na + and Cl À within 1 month are negligible, the Na-Cl concentrations for the correction of the deep observation wells C were taken from those sampling campaigns where the electrical charge balance was best.
Additionally, a local meteoric waterline (LMWL) is shown in order to compare the isotopic data with regional data of stable isotopes in precipitation. The closest location to Spiekeroog with an IAEA LMWL available is Cuxhaven (IAEA, 2011 Fig. 3 . In addition, the clay layer is drawn schematically into each plot. For Roether, 1967) , these samples must be older than 70 years. In Fig. 4 , the sum of measured 3 H + 3
He trit concentrations (hereafter called 'initial tritium') of the shallow and medium observation well samples are plotted against their calculated infiltration points in time. Also shown are monthly mean tritium concentrations in precipitation for Groningen (1970 Groningen ( -2007 , for Cuxhaven (1978 Cuxhaven ( -2007 and for Ottawa (1953 Ottawa ( -2007 (IAEA, 2011) . The Ottawa precipitation data clearly indicates the concentration maximum in the 1960s as a consequence of the thermonuclear tests.
The maximum initial tritium concentration of 122 TU is assigned to an infiltration in 1968. Concentrations decrease for younger samples thereafter to 12.7 TU. Initial tritium concentrations of the shallow samples match 3 H concentrations in precipitation for Groningen and Cuxhaven. For these shallow samples mixing with tritium-free water can be excluded. As the oldest medium sample shows initial tritium of about 30% less than the precipitation data, this sample contains a small portion of older water from the pre-bomb period. For the other two medium samples (27B and 30B) the old pre-bomb portion is not significant. O for all samples and longterm monthly precipitation data of Cuxhaven. Monthly averaged oxygen isotope signatures for the precipitation of Cuxhaven from 1978 to 2005 range between À8.31‰ (December) and À5.90‰ (July). The monthly isotopic precipitation data for Spiekeroog includes July, August, September and October. It shows less negative isotope signatures compared to Cuxhaven (Fig. 5) . This may, however, be caused by the fact that the monthly precipitation data of Spiekeroog includes only samples from 1 year, whereas the Cuxhaven precipitation data is averaged over 27 years.
Stable Isotopes
Seawater, surface water, fresh and saline groundwater all plot at different locations on the diagrams. The two North Sea samples show Groundwater samples from production wells, observation wells A and observation wells B show a lighter isotopic composition compared to seawater. Their isotopic signatures lie in a narrow range between À6.50‰ and À7.47‰ for d 18 O, reflecting average annual precipitation signatures. A general increase in light isotopes is observed from shallow groundwater samples over samples of the production wells to samples of the observation wells B. This can also be seen in Fig. 6, where d 18 O of all samples are plotted against the mean screen depth. For the deep observation wells in Figs. 5 and 6, significantly different isotopic signatures are observed. Except for one (27C), which is screened above the clay layer (Fig. 6 ), all samples are considerably heavier (i.e. less negative) than the remaining fresh groundwater samples and show isotopic signatures from À2.20‰ to À3.06‰ for d 18 O and À13.95‰ to À19.67‰ for dD. These seawater samples also vary from V-SMOW. The correction for the salt effect does hardly show an impact on the isotopic compositions (compare Table 1 ).
The surface water isotopic signatures show a large variation, depending on the sampling location. While some samples display heavier isotopic composition with evaporation characteristics, others plot in between the shallow groundwater wells and the summer precipitation data of Spiekeroog, indicating two-component mixing.
Hydrochemistry
All major ion data is plotted in a Piper plot in Fig. 7 . In general, two main groups can be differentiated, indicated by a gray background color. The group on the right represents Na-Cl-waters and includes precipitation, seawater and deep groundwater samples (observation wells C).
A broader range of water types can be found in the group to the left. Samples from the shallow observation wells (A) are classified as Ca-Na-HCO 3 -Cl-water. Samples of production wells and medium observations wells (B) have higher magnesium and lower calcium concentrations and are therefore Na-Ca-Mg-HCO 3 -Clwaters. The majority of the surface water samples can be described as Na-Ca-HCO 3 -Cl-waters. Besides, two observation well samples (26A, 25B) plot in between these two groups. They are characterized by increasing Na-Cl concentrations.
Differences exist between pH values of surface water or shallow groundwater samples with a pH of 8 and deep groundwater samples with pH values between 6.3 and 7.5. A slight shift in pH values in the surface water samples from alkaline pH values at the salt Almost all freshwater samples show a slight supersaturation with respect to calcite (mean 0.32; STD: 0.25), except for wells 27A and 27B where the saturation indices were calculated as SI calcite = À0.11 and SI calcite = À0.26, respectively. The saturation indices were computed with the hydrogeochemical reaction model PHRE-EQC-2 (Parkhurst and Appelo, 1999). Overall, these results suggest that the decalcification front has not yet migrated to greater depths.
Discussion
Groundwater age distribution and recharge patterns
A schematic cross-section from WSW to ENE through the main dune arc in the western part of Spiekeroog (Fig. 8) gives an overview of the groundwater age distribution. The six samples from the shallow and medium observation wells lie well within the freshwater lens. One sample from the deep observation wells He trit concentration for three shallow and three medium observation wells on Spiekeroog at their approximated infiltration point in time. Symbol sizes are larger than error bars. Data of the deep observation wells (C) are out of the figure scale. Tritium concentrations of monthly averaged precipitation data for Cuxhaven , Groningen (1970 Groningen ( -2007 and Ottawa (IAEA, 2011). represents the transition zone between freshwater and seawater with an apparent 3 H- 3 He age of >70 years. The remaining deep C wells were located below the restricting clay layer in seawater and have ages greater than 70 years.
It becomes evident from Fig. 8 that groundwater age increases, as expected, with depth. However, it also increases from the center of the freshwater lens to the discharge boundary. This is not in line with the largely horizontal age stratification expected in an idealized system (homogeneous, isotropic medium and evenly distributed groundwater recharge) for an oceanic strip island (Vacher et al., 1990) . This discrepancy may be a result of yet unknown factors, for example an uneven groundwater recharge distribution and/or a notable deviation from a homogeneous/isotropic system. The central shallow and medium depths samples from observation well 30 display the youngest ages at the respective depths. Approximate groundwater flow paths were derived in Fig. 8 from the observed groundwater age data.
To give an estimation of the average travel time in the freshwater lens, the analytical solution of Vacher et al. (1990) is used as follows: An approximate average recharge rate can be calculated from the apparent 3 H- 3 He age at well 30, assuming that the groundwater flow at this location is only in vertical direction (since well 30 is located almost in the center of the main dune arc) and constant with depth. Further an effective porosity of 30-40% is assumed for dune sand (Vandenbohede and Lebbe, 2005; Stuyfzand, 1993) . For the shallow screen (30A) at a depth of 11.7 m below the groundwater table and with a groundwater age of 4.4 years this results in a recharge rate of $800-1060 mm/a. For the screen at medium depth (30B), i.e. at 36.4 m below the groundwater table and with a groundwater age of 37 years the resulting recharge rate is $300-400 mm/a.
The recharge rate calculated from the deeper screen is consistent with the previous estimates of Dörhöfer and Josopait (OOWV, 2009) . In contrast, the recharge rate calculated from the shallow screen is extremely high, drastically exceeding the already very high value of >600 mm/a derived from the lysimeter measurements, which is presumably not representative for a larger area.
Possible explanations for these extremely high recharge rates calculated from the shallow screen data are (i) an error in the 3 H or 3 He analytics, which seems unlikely because every sample was taken and measured twice or (ii) the observation well is leaking at shallow depth leading to this outstanding young groundwater compared to the other shallow groundwater ages.
For more detailed recharge calculations, the strong dependence of evapotranspiration losses on vegetation types in coastal dunes should be taken into account (Stuyfzand, 1993) . Large differences occur between the evapotranspiration losses on dune sands or on the areas which are covered with pines.
Isotopic characterization and water origin
A conceptual 3-D model of Spiekeroog with representative oxygen isotopic compositions and electric conductivities is shown in Fig. 9 . The seawater isotopic composition nearly corresponds to V-SMOW. d
18 O values slightly lower than V-SMOW in coastal regions are often explained by river discharge (Clark and Fritz, 1997) . In general, a strong influence of river discharge by the rivers Rhine, Meuse and Elbe exists in the southern North Sea (Lenhardt et al., 1997) . The immediate area around Spiekeroog is affected by strong ocean currents (Staneva et al., 2008 ) and a noticeable river discharge from the Ems and Weser is observed (Duinker et al., 1982 (Duinker et al., , 1985 . Thus, isotopic variations in seawater close to Spiekeroog are supposed to result from river inputs. The seawater has an electric conductivity of $50.000 lS/cm, thus lower than under fully marine conditions. The d 18 O values of Spiekeroog precipitation are depleted in heavy isotopes compared to seawater, because of isotope fractionation during primary evaporation and condensation (Clark and Fritz, 1997) . The d
18
O precipitation value in Fig. 9 shows the representative annual mean of Cuxhaven (À6.97‰) and a mean electrical conductivity of 80.5 lS/cm based on the Spiekeroog rainwater samples. For rainwater, this value is rather high, owing to the close proximity of the sea (Appelo and Postma, 2005) .
The surface water samples show a large variety of electric conductivities and isotope signatures due to different sampling locations (Fig. 9) . Samples within the dune area are characterized by lower electric conductivities with a maximum of 860 lS/cm. Other samples were taken on the verge of the salt marsh area and point towards brackish waters with electric conductivities between 1094 and 6880 lS/cm. At some locations, the isotopic signatures indicate groundwater origin (e.g. sample O1, compare Table 1 ). Other samples are strongly influenced by evaporation (compare Fig. 5) .
Samples from the medium observation wells show a lighter isotopic composition than those from the shallow wells. More negative isotopic signatures with depth could implicate colder temperature conditions during earlier infiltration and could thus He ages in years for three piezometer nests, each consisting of three wells filtered in different depths, here combined to one well for simplification.
be an indicator for a shift towards changed recharge patterns or a general temperature increase. Moreover, this could match with the warming trend in temperature for central Europe (Christensen et al., 2007) and a sea surface temperature increase of the North Sea in the last 15 years (Mackenzie and Schiedek, 2007) . However, the amount of available data is low and restricts the significance.
At a short distance above the clay layer, the sudden increase of electric conductivity (4.570 lS/cm) and less negative oxygen isotopic signatures mark the transition zone between freshwater and seawater. Saltwater below the freshwater lens is represented by samples from deep observation wells (Fig. 9) . They show relatively heavy oxygen isotopic compositions and high electric conductivities. However, they differentiate from the before-mentioned values for seawater at the surface (compare also chapter 4.2). The electric conductivities, i.e. salinities, lie in between the normal range for the coastal areas of the North Sea within the last 800 years (Scheurle and Hebbeln, 2003; Scheurle et al., 2005) . Oxygen isotopic composition in the North Sea varies, however, typically between À0.6‰ and +0.6‰ (Harwood et al., 2008 ). An explanation for the more negative oxygen isotopic signatures of À2.20 to À3.06‰ could be a small influence of freshwater from the above lying freshwater reservoir. The approximate freshwater fraction in the saltwater is calculated with the chloride concentrations and electrical conductivites in the following chapter.
Hydrochemical evolution from recharge to discharge
The hydrochemical results provide information on the water evolution along different flow paths through the freshwater lens. As shown by stiff diagrams of representative samples in Fig. 10 , significant differences exist in major ion concentrations between precipitation, shallow, medium and deep groundwater (compare Table 2 ).
Typical for coastal precipitation is the dominance of Na-Cl as shown in Fig. 10 . In order to identify the seawater fraction in rainwater, sea-and rainwater are compared by using chloride. Chloride shows little fractionation between seawater and rainwater and is therefore used as inert reference component (Appelo and Postma, 2005) . According to Appelo and Postma, the net effect of the Na + /Cl À ratio remains the same either in rainwater or seawater, which allows a comparison as follows:
with F Na þ = fractionation factor (Appelo and Postma, 2005) . Taking into account the seawater concentration of Na + = 485 mmol/l and Cl À = 566 mmol/l leads to a ratio of 0.86 (Appelo and Postma, 2005) . In the precipitation of Spiekeroog, the average Cl À concentration is 0.52 mmol/l. The Na + fraction derived from seawater is therefore 0.52 Â 0.86 = 0.45 mmol/l. Considering the analytical accuracy, the difference of 0.073 mmol/l is hardly significant. It follows, that most of the precipitation has a marine origin, as expected due to the proximity to the ocean. Moreover, a comparison of chloride concentration in the precipitation with the groundwater concentration in shallow depths (production wells and observation wells A) gives information on the amount of evaporation losses. The mean chloride concentration in precipitation is 18 mg/l. This results in a fraction of 28% in the shallow groundwater (65 mg/l, excluding 26A). The remaining fraction of 72% is supposed to result from enrichment due to evaporation. The fraction (y) of evapotranspiration losses in the annual precipitation amount can be calculated as: (Beukeboom, 1976) . Additionally, it must be considered that c 0 is here based on only four data points and the average chloride concentration in precipitation for the Dutch coast is even lower (Appelo and Postma, 2005) . This would lead to even higher evapotranspiration losses. On the other hand, this simple assumption does not consider the impact of sea spray on the sodium and chloride concentration, which is significant according to Stuyfzand (1993) . As mentioned in chapter 5.2, solute concentrations generally do not show an increase with depth within the freshwater lens. Differences between the shallow and medium observation well in Fig. 10 are not identifiable, whereas Na-Cl concentrations are increasing remarkably shortly above the clay layer. Ca 2+ and HCO À 3 ions dominate in the freshwater lens, which is a typical result of calcite dissolution (Appelo and Postma, 2005) . Typically, intruding sea-or freshwater leads to cation exchange by displacing either Ca or Na. In order to identify if an aquifer is salinizing or freshening, Stuyfzand (1989 Stuyfzand ( , 2008 proposed the Base Exchange index (BEX):
with Na, K, Mg and Cl in [meq/L] and 1.0716 = (Na + K + Mg)/Cl in mean ocean water. A negative BEX indicates a salinizing trend while a positive BEX indicates freshening if base exchange is the only process. The Base Exchange index has been calculated for all samples (Table 2) . It can be seen, that except for one (26A), all shallow and medium observation wells show positive values marking a freshening trend. Regarding the deep observation wells C, most of them indicate freshening as well. BEX is for sample 27C from the transition zone also slightly above zero, pointing towards freshening. At the transition zone, mixing of seawater (Na-Cl-type) with freshwater (CaHCO 3 -type) occurs. Since chloride is a conservative parameter in water, it can be used to calculate the fraction of seawater in the brackish groundwater sample of the transition zone (27C). Assuming an average Cl À concentration of 566 mmol/ l in the seawater, the fraction of seawater in the brackish sample is then given by:
with f sea = fraction of seawater; m Cl À ;sample ¼ Cl À concentration in mmol/l (Appelo and Postma, 2005) . The resulting ratio is 6% seawater to 94% freshwater. Thus, freshwater is still dominating at that depth.
Seawater below the clay layer shows a typical dominance of NaCl, but as mentioned in the previous chapter, an influence of the above lying freshwater lens is expected. This influence can be approximated by taking the sea surface chloride concentration (18,000 mg/l) as a reference and calculate the mixing ratio between the medium observation wells B in the freshwater lens (Cl = 58.8 mg/l) and the deep observation wells C (Cl min = 11,700 mg/l, Cl max = 17,550 mg/l), excluding 27C (Appelo and Postma, 2005) . The resulting freshwater fraction lies between 2% and 35%, depending on the different mixtures for each deep observation well C. Similar calculations with the electrical conductivity result in a freshwater fraction of 3-23%. This indicates a significant influence of freshwater below the clay layer. Thus, it is very likely that the clay layer is not completely impervious.
As shown in Fig. 10 , the freshwater lens is assumed to have an asymmetric shape in horizontal direction due to geomorphologic patterns. Groundwater recharge takes place preferentially below the highly permeable dunes and only marginally below low permeable salt marsh areas. Additionally, the embedded clay layer between 44 and 55 mbsl is supposed to generally inhibit further expansion of freshwater in the vertical direction. In fact, a further expansion in vertical direction up to a freshwater thickness of $80 m would be expected, taking into consideration the Ghyben-Herzberg relationship (Herzberg, 1901) . The resulting shape is more extended in horizontal direction and the boundaries between freshwater and seawater are expected to be steeper compared to a ''free'' freshwater lens (Beukeboom, 1976) .
Conclusions
This study gives a compact overview of the groundwater ages, recharge conditions and hydrochemistry of a barrier island freshwater lens. It focuses on the freshwater lens below the main dune arc in the western part of Spiekeroog Island. Groundwater ages could be determined for two depths within the freshwater lens and in the underlying saltwater. The results indicate increasing groundwater ages with increasing depth and also from the center of the main freshwater lens to the sides. A recharge rate of 300-400 mm/a is calculated from the apparent 3 H- 3 He ages on the basis of one observation well near the center of the freshwater lens and an average groundwater travel time in the freshwater lens of 35-46 years can be estimated. Stable isotope analyses provided insight on groundwater and surface water origin. A slight influence of river input is assumed for the sea surface water. The isotopic signatures of the freshwater lens reflect long-term annual precipitation averages. A slight depletion of heavy oxygen isotopes with depth could be the result of a slight temperature increase in the last 30 years. The transition zone between freshwater and saltwater was identified at a depth of about 44 mbsl at the margin of the lens. Lower salinities and a depletion in heavy oxygen isotopes for the saltwater below the freshwater lens compared to the sea surface water are assumed to result from an influence of the above lying freshwater lens. Moreover, it is suggested, that the clay layer, which is supposed to act as aquitard, is not completely impervious. The freshwater lens is mainly composed of Ca-Na-HCO 3 -Clwater and Na-Ca-Mg-HCO 3 -Cl-water. Except one, all samples from observation wells in the freshwater lens show a freshening trend.
In conclusion, the results allowed for the generation of a conceptual model on the hydrochemical evolution from recharge to discharge of a barrier island freshwater lens. Due to geomorphologic patterns, these freshwater lenses are believed to have an asymmetric shape in the horizontal direction, reaching its maximum thickness below the highest dunes. In case of Spiekeroog, the vertical expansion is also significantly reduced by the clay layer at 44 mbsl. This leads to further lateral extension of the freshwater lens in the horizontal direction and steeper boundaries between freshwater and saltwater.
